It is well known that biomass energy has excellent environmental and economic benefits. The increasing international cooperation in the field of biomass energy has promoted the rapid coordinated development of global biomass energy research and industry. This article analyses academic papers in this field collected by SSCI or SCI from 2007 to 2016, uses bibliometrics for quantitative statistics and data mining, and VOSviewer software to generate international cooperation network maps. It also provides in-depth analysis and comprehensive comparison of changes in international cooperation in biomass energy research in major countries around the world, and reveals the context and direction of development in the global biomass energy field. The results of this study can provide scientific basis and support for the development of other related research work.
BIOMASS energy plays an important role in responding to global climate change, energy supply and demand contradiction, and protecting the ecological environment 1 . It is the world's fourth largest energy source after oil, coal and natural gas, and has become an important force in the international energy transformation. At present, many countries not only formulate policies and measures to promote the development of biomass energy, but also set development goals and plans 2 . The development and utilization of biomass energy has attracted extensive attention from governments and scientists in various countries.
International scientific and technological cooperation has become an important model for the development of scientific research. Making full use of the world's advanced scientific and technological resources to develop and strengthen international cooperation has become an important part of scientific research, and has promoted the progress and innovation of science and technology (S&T). Energy and the environment are the main concerns of countries around the world. Research on biomass energy is the hot topic around the world. With the gradual deepening of research on biomass energy, breakthrough achievements have been made in the field. However, it is necessary to point out that international cooperation plays a key role that cannot be ignored.
Bibliometrics refers to the use of mathematical and statistical methods to quantitatively analyse the crossscience of all knowledge carriers [3] [4] [5] [6] . It is a comprehensive knowledge system that integrates mathematics, statistics and philology as a whole, and focuses on quantification [7] [8] [9] . Bibliometric methods are widely used in many areas, including medical science 10 , environmental science 11 , management 12 , business 13 and computer science 14 .
Bibliometrics is also common in research through international cooperation. Some scholars analysed different issues, including the structure of international cooperation networks, cooperation models, cooperation intensity and the trend of their changes. Glänzel et al. 15 performed a bibliometric analysis of scientific cooperation of the European Union countries with other highly industrialized countries and less advanced countries. Based on the bibliometric analysis of the top journals in the energy area, Duan 16 found that most critical partner countries for China are USA, some European countries and Japan. With more than 100,000 papers as research samples, Li and Zhao 17 studied the issues of international cooperation in the field of environmental assessment. By using network centralities, they effectively identified the core countries in the international cooperation network in this field. Merigó et al. 18 studied the structure, patterns, and maps of international cooperation networks in the field of innovation. De Paulo and Porto 19 examined international cooperation in the field of solar energy technologies. Bibliometric and social network analysis methods were used to explore the national and international partnerships. They indicated that international cooperation in the field of solar energy technology is common in some developed countries like the Netherlands, Germany and United Kingdom. But so far bibliometrics has not been used in international cooperation studies in the field of biomass energy, which is the focus of the present study. It deals with two aspects of the basic situation of international cooperation and international cooperation network in the field of biomass energy.
Data and methods
ISI Web of Science is the largest and most comprehensive academic information resource in the world 20, 21 . It integrates Science Citation Index Expanded (SCIE), Social Science Citation Index (SSCI), Arts & Humanities Citation Index (A&HCI), and the original conference proceedings database on the Web of Knowledge platform. Based on the research scope of biomass energy, this study adopts the topic retrieval method to search the biomass energy research literature from 2007 to 2016 with 'biomass OR biofuel OR biodiesel OR bioethanol OR biomass power or biogas' 22 . The retrieval time is 12 April 2017. The literature types are limited to research articles and review, and a total of 172,029 original article records were obtained.
Essential Science Indicators (ESI) is a literature review analysis tool introduced by ISI in 2001 (refs 22-24) . This is an econometric analysis database established based on more than 10 million document records collected by SCI and SSCI from over 11,000 academic journals worldwide. Through this database, users can understand the leading countries, journals, scientists, papers and research institutions in each field of research, and identify important trends and directions in various fields [25] [26] [27] . The present study collected all ESI papers in the field of biomass energy to examine international cooperation issues in the field. On 12 April 2017, 3185 ESI papers in the field of biomass energy were retrieved. The main purpose of this study to reveal the international cooperation in the field of biomass energy. VOSviewer is a software tool for constructing and visualizing bibliometric networks [28] [29] [30] . This was used for mapping the international cooperation network in the field of biomass energy.
Results
With the globalization of S&T, international cooperation has become an indispensable and important component in this field. As an important measure of optimal allocation of resources in national S&T development strategy, international cooperation plays an important supporting role in enhancing national independent innovation capability. Using the personalized data mining method, this study systematically analyses the papers through international cooperation in the field of biomass energy, reveals the modes and characteristics of international cooperation in the field, and describes the status and role of the countries in the cooperative network. Table 1 lists the number of papers through independent research and international cooperation among the top 20 countries during 2007-2016 in the field of biomass energy.
With the rapid development of this field, the absolute number of publications of various countries in Table 1 , whether through independent research or international cooperation, is growing. For example, the number of papers through international cooperation in USA increased from 9775 during 2007-2011 to 13,811 during 2012-2016, while the number of independent research papers increased from 4408 to 9591 in the same period.
According to the share of international cooperation and independent research, the former has become the main research model of Germany and the UK during 2012-2016. The number of papers through international cooperation of these two countries far exceeds the results of independent research publications. In this period, in addition to Germany and the UK, countries with a higher proportion of international cooperation include Canada, France, Australia, the Netherlands, Sweden, Denmark and Finland.
Comparing the changes in the share of international cooperation and independent research between the two periods, it can be found that the vast majority of countries have increased their share of international cooperation. This indicates that most countries have given international cooperation research more attention. However, the international cooperation share of China and South Korea has shown a downward trend. For example, China's international cooperation share has dropped from 69.00% to 30.41%, and South Korea's share dropped from 37.93% to 34.71%. Table 2 provides details on international cooperation and independent research of ESI publications in the field of biomass energy. The conclusions are similar to those in Table 1 . But it is clear that, for the vast majority of countries, the international cooperation rate shown in Table 2 is significantly higher than that in Table 1 . This shows that international cooperation is more conducive to yielding high-impact research results in the field of biomass energy.
At present, international scientific and technological cooperation has gradually become an inevitable choice for scientific research 31 . It is of great significance to analyse the characteristics of international cooperation between different countries in the field of biomass energy. Table 3 provides the details of the five countries with the most cooperation among the top 20 countries (according to the international cooperation publication number).
During the period 2007-2016, the country with the largest number of papers co-authored with USA was China, with a total of 3639 publications. This was followed by Canada, the UK, Germany, and Australia. As can be seen from Table 3 , USA is the world's major partner in international cooperation in the field of biomass energy. This indicates that these countries played an important role in building a strong international cooperation network. Table 4 provides information on the most popular partner of ESI publications in the field of biomass energy. We studied the co-authorship of ESI publications in the field of biomass energy. Figure 1 presents the coauthorship of the top 20 countries.
Conclusion
Through a literature review of relevant international biomass energy research papers, the international cooperation from 2007 to 2016 has been revealed from a quantitative and qualitative perspective. The analysis results are as follows:
(1) In the field of biomass energy, the number of research papers has grown rapidly, indicating that researchers are paying more attention to this field. (2) The main countries for biomass energy research are USA, China, Germany, India and the UK. Among them, USA ranks first in the field in absolute research, and China ranks second, but China's research literature in this field has grown the fastest, indicating that it has considerable potential in research in this field. (3) The country with the largest number of papers co-authored with USA is China, followed by Canada, the UK, Germany and Australia. USA is the world's major partners in international cooperation, and it has become the leading force in inter-national cooperation in the field of biomass energy. (4) The vast majority of countries have increased their share of international cooperation. International cooperation is more conducive to yielding high-impact research results in the field of biomass energy.
In summary, international biomass energy research has developed rapidly and international cooperation has become an important method for research in this field. Actively attracting international innovation forces and resources, and strengthening cooperation with the developed countries can further enhance the academic influence of research in the field of biomass energy.
